− requirement for dopamine, serotonin, and norepinephrine (DA, 5-HT, and NE) transport and induced current via the transporters for these transmitters, DAT, SERT, and NET. Indirect evidence exists for the passage of Cl − ions through monoamine transporters;
Introduction
In a seminal article published in 1977, Gary Rudnick used plasma membrane vesicles isolated from human platelets to study how electrical potential and Na + gradients influenced 5-HT uptake via human serotonin transporter (hSERT) [62] . These data provided direct evidence for Na + -coupled 5-HT transport via hSERT, and they made the additional point that transport is absolutely dependent on external Na + and Cl
−
. Subsequent research by Rudnick and colleagues reinforced the notion that monoamine transporters in general share a functional dependence on Na + and Cl − . Ion dependence was measured by replacing NaCl with either LiCl or Na-isethionate and using titrated DA (for DAT and NET) and titrated 5-HT (for SERT) to measure uptake in model preparations. DA, and 5-HT transport as a function of ion concentration were well described by 1st order functions of Na + and Cl − in all cases except DAT, whose dependence on Na + was sigmoidal (Fig. 1 ). The conclusion reached was that one Na + and one Cl − are needed per transmitter for SERT and NET, but two Na + and one Cl − for DAT transport.
Whereas K M values for Na + were similar among the three transporters, the K M for Cl − varied markedly and was much lower for NET [31] . This work resolved into what became the standard model for monoamine transporters, in which ionic gradients are coupled to monoamines in fixed ratios to drive neurotransmitters against their own gradient [27-34, 63, 64] . To this day, the fixed stoichiometry, alternating access model of neurotransmitter transport prevails. For SERT, the standard model took an extreme form in which the influx of 5-HT together with Na + and Cl − in a 1:1:1 ratio is coupled to the efflux of one K + ion, rendering SERT electroneutral [66] . SERT is not electroneutral, yet the electroneutral model for SERT and electrogenic models for DAT and NET have dominated the field for decades [67, 84] . The standard model for monoamine transporters, which includes the Cl − ion in virtually all publications and textbooks, leaves many questions unanswered. In this review we address primarily one aspect: do Cl − ions actually permeate monoamine transporters, and if so, is Cl − coupled in fixed stoichiometry to transmitter uptake, or does Cl − flow in an uncoupled channel mode as in glutamate transporters? The subject of neurotransmitter transport mechanisms and their role in synaptic transmission is quite broad and some topics are not covered here. I refer readers to previous reviews in this area [3, 7, 19, 43, 48, 65, 78, 79] .
Text figure
To begin, it may be interesting to note the relative size of the Cl − ion compared to other ions and to dopamine, the principle 
Literature survey
Recent structural models for monoamine transporters have bolstered the fixed stoichiometry, alternating access model with one substrate-binding site, one Cl − -binding site, and one or two Na + -binding sites [41, 50, 51, 58, 92] . The homology model used for monoamine transporters is the bacterial analog, LeuT, which does not require the Cl − -ion for transport though a Cl − -binding site exists in LeuT. A structure for the Drosophila dopamine transporter (dDAT) also has Na + -and Cl − -binding sites [50, 51, 89] . Figure 1 is from an early paper by Gu et al. that neurotransmitter transport through monoamine transporters depends on Na + and Cl − ions [31] . Na + dependence is sigmoidal only for DAT, whereas all other dependences are hyperbolic. Fits to the data assume a requirement for two Na + and one Cl − ion for DA transport, and one Na + and one Cl − ion in all other cases. Although the Hill coefficient is commonly used to estimate the stoichiometry of ligands to receptors for functional effect, the Hill equation does [31] not reliably verify unique reaction schemes. Instead, the Hill coefficient measures cooperativity among multiple binding sites [91] . Nevertheless, it is remarkable that available structures for Na-dependent transport show two Na + -binding sites [9, 40, 74, 88, 89] Figure 2 from Ingram et al. makes a strong case that ionic currents through DAT in dopaminergic neurons are large enough to affect excitability. In these neuronal DA transporters, but not in heterologous hDAT expression systems [60] , the current carrying ion appears to be Cl − [36] , which holds true when amphetamine is the substrate instead of DA.
Monoamine transporters
As regards the involvement of Cl − , these data are consistent with experiments on the C. elegans DA transporter [14] . In both cases I(V) curves reveal that in the absence or presence of 10-μM external DA, the reversal potential of the DA-induced current occurs near the expected Cl − reversal potential. Figure 3 is an analysis of DA and an amphetamine (AMPH) enantiomer that induces currents through hDAT expressed in Xenopus laevis oocytes. (A) DA or the enantiomer R(-)AMPH induce a peak current after application; note, [36] however, that both of these induced currents display a lazy return, which is not attributable to perfusion artifact. However, after removing S(+)AMPH, the S(+)AMPH-induced current persists though at a lower level compared with the peak. The transporter appears to be locked in an open state in the absence of external S(+)AMPH. Subsequent experiments supported the notion that S(+)AMPH remains inside the cell to interact with the transporter [60] . Cocaine blocks both the peak current and the persistent current. However, rather than returning the current to baseline, cocaine induces an apparent outward current because it blocks an endogenous hDAT leak, whose presence is independent of substrate [76] . (B) Baseline subtracted I(V) curves for DA, S(+)AMPH peak, and S(+)AMPH persistent current. The S(+)AMPH peak I(V) is shifted to the left compared with the DA peak. The S(+)AMPH persistent current I(V) is not only smaller but shifted to the left compared with peak currents, consistent with the absence of S(+)AMPH and presence of Cl − ions flowing through hDAT [60] . However, although Na + inhibits the substrates octopamine or tyramine, Cl − reverses this inhibition [44] .
Fig. 3 DA and AMPH induced currents through hDAT expressed in
Xenopus laevis oocytes. a At -60 mV, 10 μM DA or 10 μM R(-)AMPH induced a peak current on application but return to baseline albeit somewhat slowly after removing external DA or R(-)AMPH. S(+ )AMPH, however, has a prominent persistent current (or 'shelf' current) after its removal, i.e., rather than a lazy return to baseline the transporter appears to be locked in an open state when challenged with S(+)AMPH. Cocaine (10 μM) blocks the initial peak current and the persistent current in all cases; rather than returning to baseline, cocaine appears to induce an outward current, which is actually the block of an endogenous hDAT leak that is independent of substrate. b Baseline subtracted I(V) curves for DA, S(+)AMPH peak and S(+)AMPH shelf. The S(+)AMPH peak I(V) shifts to the left compared with the DA peak, consistent with the conductance of Na + and S(+)AMPH ions through hDAT. The S(+)AMPH shelf I(V) shifts even further to the left, consistent with the absence of S(+)AMPH and presence of Cl − ions flowing through hDAT [60] It is thus proposed that DAT not only mediates DA uptake but also its efflux. DAT-mediated DA efflux has an apparent DA affinity that is 300× lower than for uptake. Increasing external DA or AMPH, or lowering external Na + or Cl − , increases efflux [37] . Human dopamine transporter (hDAT) and human norepinephrine transporter (hNET) have similar functional profiles, but symmetric changes in their N-or Cterminals reveals Cl − dependent transport linked to the Cterminal of hNET; swapping C-terminals modified Na + Hill values, which are close to n = 2 for hNET and hDAT. The Nterminal supports differences between uptake dependence on Na + and Cl β-Phenylethylamine A plethora of papers using a variety of techniques provide indirect evidence for Cl − permeability through monoamine transporters. β-Phenylethylamine (βPEA) is a trace amine found in the mammalian CNS and has been suggested as a neurotransmitter that mimics the effect of AMPH. βPEA activates DAT but, relevant to this review, it rapidly activates large amine-gated Cl − channels,
LGC-55. In C. elegans, AMPH potentiates βPEA effects on LGC-55 in vitro and in vivo [13, 68] . The possibility arises that Cl − currents-apparently through DAT-may be an indirect effect on separate bona fide Cl − channels. In DAT-transfected Xenopus oocytes, Li + substituting for Na + induces 10× larger substrate-induced currents, and mutating Na + coordinating sites suggests that Li + interacts with Na2 rather than the Na1 binding. Cl − regulates the Li + leak, further suggesting that Li + lowers Na2 affinity, because DAT mutations that reduce Na2 affinity increase Na + permeability above Li + permeability, suggesting a functional connection between bound Cl − and the Na2 site [8] . [70] α-synuclein In a heterologous expression system, α-synuclein forms a stable complex with DAT. In whole cell patch recordings, DAT-mediated currents reveal that intracellular α-synuclein stimulates a Na + -independent but Cl − -sensitive current that is blocked by GBR12935. A fluorescent substrate, 4-(4-(dimethylamino)styryl)-N-methylpyridinium (ASP + ) [71] [72] [73] may be used to monitor real-time DAT function; ASP + data show that α-synuclein decreases the rate and amplitude of DAT uptake but does not decrease initial substrate binding at the plasma membrane. Thus DAT/α-synuclein interactions result in Na + insensitive, Cl − sensitive inward currents through DAT, albeit with decreased uptake [80] .
Serotonin transporter Drosophila SERT (dSERT) has considerable amino acid sequence identity with the mammalian transporters, SERT (51 %), NET (47 %), or DAT (47 %). Transient expression in mammalian cells shows that 5-HT uptake in dSERT does not depend on extracellular Cl − , but increasing extracellular Cl − facilitates Na + dependent uptake. Antidepressants are 3-300× less potent on dSERT than on hSERT, but mazindol has 30× greater potency for dSERT. Cocaine or RTI-55 inhibited dSERT mediated 5HT uptake at 500 nM but 10 μM DA, NE, or other amines did not inhibit transport [20] . Henry et al. combined transporter mutations with molecular modeling to uncover a single residue in TMD 1 that couples Cl − binding to Na + dependent neurotransmitter uptake [35] . I(V) curves of hSERT leak currents, revealed by the SERT antagonist, RTI-55 and N101A mutants, show that leak currents are independent of Cl − ions. In hSERT, Cl − binding is essential for Na + -coupled 5-HT transport. Asn101 mutants have dramatically reduced uptake; however, they do not require Cl − for 5-HT transport. Cl − substitution with acetate, methanesulfonate, or gluconate correlate with their Stokes radii and anion selectivity, consistent with previously proposed Cl − -binding sites that predicted Asn101 extends into the substrate-binding pocket. Interaction of Asn101 with Asn368 and indirectly with Ser336 through the NA1 site suggested an interaction between TM1 and TM6 in ion coupled substrate flux, and consequently that Cl − removal would be less disruptive in Asn101 mutants. In bacterial, insect, and mammalian family members, replacing hSERT Asn101 with His, Ala, Cys, Gly, Thr, Ser, or Asp [6] suggest this residue as critical in coordination of Na
, and substrate. The 7× increase in Na + flux in hSERT Asn101, and interactions with Syntaxin 1a with the N terminus of SERT [14, 59] may increase both leak and 5-HT-induced currents. Thus, the Asn residue (or analogous residues) in TM1 provides Cl − coupling or regulation in SLC6 transporters that use Na + gradients for uphill transport and likely determine both Na + -coupled transport as well as channel modes of neurotransmitter transport.
Cl
− ion permeation Among the internal ions, the dynamic changes in Cl − concentrations are the least well studied, which is in part due to lack of reliable probes for [36] . DATs are expressed not only at synapses but also in axons, cell bodies, and dendrites of dopaminergic neurons. Furthermore, mbYFPQS fluorescence was AMPH concentration dependent in both the soma and in the processes of responding neurons [90] . 
Structures and simulations
Recently, Gouaux and coworkers have solved co-crystals of neurotransmitter or psychostimulants with a functional dDAT structure. Structures of dDAT bound to DA, a DA analog, S(+)AMPH, S(+ )METH, cocaine, or cocaine analogs revealed that all compounds bind to a central site near bound Na + and Cl − ions.
dDAT is thus studied in complex with both substrates and inhibitors. The DA-dDAT structure identifies the catechol ring and amine hydrogen bonds as closing extracellular gates, leading to an occluded state. S(+) AMPH and S(+)METH are without the hydroxyl groups present on DA implying hydrophobic interactions with specific residues. These same hydroxyl groups figure prominently in functional differences among DA, R(-)AMPH, and S(+)AMPH [45, 60, 83] . The inhibitor-bound structures of dDAT indicate that the binding pocket accommodates various compounds by orientation of TM6 and certain side chains [89] . However, the study adds little to the existing knowledge of Na +-or Cl −-binding sites. Another recent paper uses molecular dynamics and a homology model to study DA reuptake via hDAT in atomic level, microsecond, and accelerated simulations [16] . In this model, external DA binding closes extracellular gates and stabilizes an occluded intermediate state near the binding pocket.
Disruption of the pocket enlarges the cavity near bound Na + and Cl − ions. Na + dislocation reorganizes salt bridges at the inner hDAT surface and tilts exposed helices, enabling Na + , Cl − , and DA release. However, the configuration switch that completes transport requires forced protonation of D79. While providing some insight into the function of specific residues in hDAT, the support drawn from this simulation for fixed stoichiometry, alternating access transport falls short [49] .
Conclusion

Do Cl
− ions actually permeate monoamine transporters, and if so is Cl − coupled in fixed stoichiometry to transmitter transport? Data rarely support a direct Cl − pathway through monoamine transporters, though review articles assume such a pathway, e.g., [84] . Electrophysiological data from neurons, however, provide strong indirect evidence for the passage of Cl − ions through dopamine transporters [15, 36] . Curiously, DATs in neurons appear to support Cl − currents, whereas DATs in heterologous expression systems appear to conduct Na + ions [25, 26, 60] , although Cl − ions may be involved. In particular the 'molecular stent hypothesis' proposes a persistent Cl − conductance.
These data have been challenged as a Xenopus oocyte artifact [69] ; however, the primary observation-a persistent leak after exposure to S(+)AMPH-exists not only in the oocyte expression systems but also in mammalian cells, and R(-)AMPH does not show the same effect. Thus AMPH lipofelicity as proposed in [69] is not a plausible explanation [17] . Existing data thus leads one ask whether Cl − pathways exist alongside Na + pathways beyond their co-existence in the alternating access model. But how could this be? As a possible explanation, consider that DAT and SERT have distinct functional states [47, 60] that may represent different iondominant pathways. Functional models with fixed stoichiometric and perfectly coupled transport must be incomplete considering the amply verified reports of leak currents in monoamine transporters [76] . Nevertheless, whereas structural data provide a rationale for coupled transport, they provide no evidence as yet for the existence of uncoupled Na + or Cl − pathways in transporters. What then is the nature of monoamine transport mechanisms if leak currents, nonstoichiometric currents, and uncoupled channel-like currents exist? Alternative theories based on flux coupling and frictional models account not only for currents too large to explain by the standard model, but also the observation of single transporter events [1, 2, 10, 15, 19, 26, 52, 77] . Finally, we note that channel-like currents through monoamine transporters may help explain the action of amphetamine-like drugs and synthetic cathinones on dopamine and serotonin transporters [5, 11, 12, 18, 39, 61, 67] .
